oral 6 h blood-sampling profiles in old (30-month old) and young (7-month old) rats revealed similar pharmacokinetic changes to humans with an approximately 40% increase in C max of galantamine and prolonged t 1/2 (1.4-fold) and MRT (1.5-fold) of donepezil. Tacrine disposition was maintained with age and AUC and clearance in old rats were similar to young rats for all drugs tested, as was bioavailability. Old rats showed a trend of increased pharmacodynamic sensitivity (< 20%) to ChEIs in cholinesterase activity assays which was attributed to pharmacokinetic effects since a trend of higher blood and brain concentrations was seen in the old rats though brain:blood ratios remained unaffected. Enhanced cholinergic-mediated behaviors such as tremor, hypothermia, salivation and lacrimation were also observed in the old rats which could not be accounted for by a similar magnitude of change in pharmacokinetics. A decrease in expression of muscarinic acetylcholine receptor subtype 2 detected in old rat brains was postulated to play a role. Greater age effects in both pharmacokinetics and pharmacodynamics of donepezil and tacrine were seen in previous studies with Fischer 344 rats, indicating a potential risk in over-reliance of this rat strain for ageing studies.
D M D #3 5 9 6 4 D M D # 3 5 9 6 4 4
Introduction
The world population is ageing at an alarming rate with people aged 60 and above projected to triple, reaching nearly 2 billion from -2050 (United Nations, 2009 ). The elderly, having an increased vulnerability to disease, consume a disproportionately larger share of medicines compared to any other age group. Changes in pharmacological response are known to occur on ageing (McLean and Le Couteur, 2004, Hilmer, 2008) and it is vital to understand and preferably predict and manage them to reduce incidents of adverse drug events or states of poor efficacious response.
The effect of age on pharmacokinetics has been extensively covered by various reviews (Klotz 2009 , Cusack 2004 , McLean and Le Couteur, 2004 , Turnheim, 2003 . The decline in glomerular filtration rate (GFR) on ageing is likely the most influential change, affecting excretion of most drugs. Ageing accompanies a decrease in liver size and blood flow which may reduce hepatic clearance of drugs but factors such as binding affinity with liver enzymes and plasma/tissue proteins also define drug uptake into liver, resulting in drugspecific alterations in metabolism and bioavailability. Cytochrome p450 (CYP450) enzymes involved in phase I metabolism have shown some dysregulation with age with varying trends in activity reported. Phase II enzymes involved in conjugation reactions in contrast are reportedly maintained on ageing. Drug distribution is known to change in the elderly due to body fat/water composition alterations and some reports on decreased transporter activity (e.g. P-glycoprotein) in the blood-brain-barrier on ageing could alter the brain permeability of drugs (Bartels et al., 2009 , Tornliviet et al., 2006 . . The central nervous system is especially vulnerable on ageing and centrally-acting drugs consistently shown to produce sensitized reactions in the elderly independent of pharmacokinetic changes include benzodiazepines (midazolam), opioids (morphine) and anticholinergic tricyclic antidepressants (imipramine, amytriptiline) (Villesen et al., 2007 , Lotrich and Pollock, 2005 , Albrecht et al., 1999 . Mechanisms by which these pharmacodynamic alterations occur are still relatively unclear but are usually attributed to changes in drug-receptor interactions, altered post-receptor signalling and impaired homeostatic mechanisms (Shi et al., 2008) .
Studying and establishing trends in the aged pharmacological response is fraught with various roadblocks. A key challenge lies with the heterogeneity in health status of the elderly population and confounding factors such as gender (as a higher proportion of women reach old age than men), pharmacogenetics, and environmental influences (e.g. smoking, diet, and co-administered drugs). The use of aged animal models provides an attractive alternative to studying the aged pharmacological response for their short life-span and close physiological resemblance to humans. Their functional decline on ageing mimics that of humans with some exceptions. Rats for example, experience a decline in CYP450 metabolism with age which does not occur with the same consistency in humans (Schwartz, 2007) . In contrast, decreased GFR seen in the elderly is not apparent in rat, with the exclusion of some albino strains that undergo chronic progressive nephropathy (CPN), the manifestation of which is more dependent on strain and sex than age (Baylis and (Table 5, Jann et al., 2002 , Farlow 2003 , Pitrovsky et al., 2003 . Similar information from rats has not been obtained. Oral and intravenous PK profiles and PD measurements in terms of ChE inhibition and induced cholinergic behaviours were therefore carried out in LH aged and young rats to evaluate the potential of this model in prediction of PK/PD changes with age of ChEIs in humans. Results were compared with similar studies done with aged Fischer 344 (F344) rats (Kosasa et al., 1999) to identify any issues with regard to strain selection in ageing studies. at 1 mg/kg and 10 ml/kg/h via the femoral cannula with the aid of a syringe pump. A predose blood sample was taken from the jugular cannula followed by sampling at 15, 30, 45, 60, 65, 75, 90, 120, 150, 180, 240 , 300 and 360 min time-points. To assess bioavailability, rats went through a one day wash-out period before being orally gavaged (3 mg/kg, 5 ml/kg, 1% methyl cellulose from Sigma Aldrich as vehicle) with the same drug they were dosed i. Young and old rats were dosed orally with the donepezil, tacrine, galantamine or vehicle alone (1% methylcellulose) at 3 mg/kg, 5 ml/kg (n=3). The rats were decapitated after 1 h and trunk blood collected into EDTA-coated tubes (BD Diagnostics, NJ, USA). A portion of blood was aliquoted into Eppendorf tubes and centrifuged to isolate plasma.
Whole brains were extracted and briefly rinsed with water before being dissected in halves and stored in tubes. All samples were kept at -80°C till LC-MS/MS analysis.
Sample preparation and LC-MS/MS analysis
All brain tissues were weighed and homogenized in 1 vol of water with an ultrasonicating homogenizer (TOMTEC Autogiser, Receptor Technologies, Adderbury, Oxon, UK). Calibration standards of each compound were prepared from a 100 µg/ml stock in ethanol at concentrations of 5, 10, 20, 50, 100, 200, 500, 1000, 2000 and 5000 ng/ml to a final volume of 50 µl. These were spiked with 100 µl of blood (diluted 1:1 with water) or 50 µl of brain homogenate from an undosed rat to account for matrix effects. Similarly, sample volumes of 100 and 50 µl of diluted blood and brain homogenate respectively were combined with 50 µl ethanol in 1.4 ml micronic tubes (Micronic, Lelystad, The Netherlands For LC-MS/MS analysis, samples were introduced with a CTC Analytics HTS Pal autosampler (Presearch, UK) to an Agilent 1100 series binary pump HPLC system (Waldbronn, Germany) interfaced with an API4000 triple quadrupole mass spectrometer equipped with a Turbo Ionspray (TIS) interface (Applied Biosytems, Ontario, Canada). All runs were carried out with the column thermostat set to 40°C, an eluent flow rate of 1 ml/min and 2 min run time, using mobile phases 10 mM ammonium acetate with 0.1% formic acid (Solvent A) and ACN (Solvent B). Positive ionization mode was used with TIS source temperature, 690°C; TIS voltage, 5500V; curtain gas, 20 psi; nebulising gas (GS1), 50 psi; TIS (GS2) gas, 70 psi; collision activated dissociation (CAD) gas, 4 psi. LC-MS/MS conditions and cassette groupings for the compounds analysed are listed in Table 1 .
Peak quantification was carried out in Analyst® software (Applied Biosystems, CA, USA) and all standards had to pass ±20% acceptance criteria for runs to be accepted. Peak area ratios (analyte:IS) were quantified against the calibrated standard concentration line obtained using 1/x 2 weighted linear regression enabling calculations of the compound levels present in the samples.
Cholinesterase (ChE) enzyme activity assay
ChE activity was measured using Ellman's colorimetric assay ( BChE activity was calculated by taking total ChE activity minus residual activity in the presence of the specific BChE inhibitor (i.e. AChE activity).
Observation of cholinergic-mediated behaviour in tacrine-dosed animals
Young and old animals (n=6) were dosed orally with tacrine at 10 mg/kg and 30 mg/kg at 5 ml/kg dose volume with 1% methyl cellulose vehicle that was given alone to a control group of animals. Doses were given in a random fashion and grading of behaviour was made by a person unaware of the treatment administered. Behavioural grading of tremor and lacrimation was carried out on a 0-3 scale as shown in Table 2 which was devised previously by Dronfield et al. (2000) . Temperature was taken by means of a rectal probe (Bioseb, Chaville, France) inserted by 5 cm into the rectum which gave a steady reading within 10 s that was promptly recorded. Salivation was measured by collecting saliva on a pre-weighed cotton bud by wiping the bud in and around the mouth for 6 s and reweighing it.
Responses were recorded prior to dosing and 0.5, 1, 2, 4 and 6 h after dosing.
Immunoblotting experiments to quantify expression of muscarinic acetylcholine receptor (mAChR) subtypes in rat brains
Six young and six old rat half-brains were dissected free of meninges and white matter before gentle homogenization with a glass and mortar (ten plunges) in 1x CST lysis buffer (Cell Signalling Tech Inc., Beverly, MA, USA) with protease inhibitors, AEBSF (Sigma Aldrich) and one complete mini Roche tablet (Roche Applied Science, IN, USA). Sample buffer (Laemmli Sample buffer, Bio-rad, CA, USA) with 2-mercaptoethanol was then added to the samples, followed by boiling at 100°C for 3-5 min to denature proteins. The samples and a precision plus dual colour protein standard (#161-0374, Bio-rad, 0-250 kDa range)
were loaded in 10% polyacrylamide gels and electrophoresis was carried out at 120 V for 1 h. Transfer took place onto nitrocellulose membranes and these were blocked in 10 mM phosphate buffered saline (pH 7.4), 0.1% Tween 20 and 5% skim milk (PBSTM) before immunoblotting with primary antibody in PBSTM with 5% bovine serum albumin at 1:1000 overnight at 4°C. Primary antibodies used for M1 mAChRs (rabbit polyclonals) were from 
Results

Pharmacokinetic profiles of ChEIs dosed i.v.
Out of the three drugs tested, only galantamine showed a notably different concentration-time profile on 1 h i.v. infusion at 1 mg/kg and 10 ml/kg ( fig. 1C ). Significantly higher blood concentrations of drug were reached in the old rats from 0.25 to 2 h with a C max 1.4-fold greater than that reached in the young group. Following which, drug concentrations declined to similar levels as seen in the young rats. For the other drugs, concentration-time profiles were similar between young and old rats, with slight but significant differences in concentrations seen at certain time-points ( fig. 1A and B). observed. Pharmacokinetic parameters of tacrine showed no significant differences between young and old rats.
It should be noted that larger extrapolations were made for the concentration-time profile of donepezil as it did not reach baseline levels at 6 h. Pharmacokinetic parameters derived should therefore be subject to caution on interpretation.
Pharmacokinetic profiles of ChEIs dosed p.o.
Oral dosing commonly results in a more variable concentration-time profile due to differing extents of first-pass effect between animals. This was observed in the p.o.
pharmacokinetic profiles where higher standard deviations were obtained compared to i.v.
pharmacokinetic profiles. Old rats dosed with donepezil and tacrine showed significant but
15 slight increase of blood drug concentrations at certain time-points with a delayed return back to basal levels more so for donepezil than tacrine ( fig, 1D and E). A shift in T max can be seen in the average blood concentration-time curves of donepezil but as a prolonged T max (up to 4-fold of the median) was only seen in 1 old rat out of 5, the median T max in both age groups were the same (table 3) . There was a trend of slightly elevated blood concentrations of galantamine in the old rats during the first 2 h following dosing with similar levels attained after 3 h ( fig. 1F ). No significant changes were detected with age for all pharmacokinetic parameters obtained, including bioavailability (F po ) (table 3) .
Cholinesterase activity in plasma and brain of young and old rats
ChE activity levels were 20-fold higher in the brain (12-15 µmol/min/g) compared to plasma (0.4-0.8 µmol/min/ml) ( fig. 2) . A major proportion of total ChE activity in brain was derived from AChE (AChE:BChE ratio~12.2) whereas equivalent levels of AChE and BChE were found in plasma (AChE:BChE ratio ~1.2). In the aged animals, total plasma ChE activity levels appeared significantly enhanced (by ~60%) with BChE activity showing a greater elevation (2.1-fold) than AChE (1.2-fold) when compared to the respective ChE activity in young rat plasma. Brain ChE activity levels in contrast were not significantly different between young and aged animals.
Effects of donepezil, tacrine and galantamine on cholinesterase activity in plasma and brain of young and old rats
Plasma and brain isolated from young rats 1 h following treatment with the various ChE inhibitors (3 mg/kg) showed significant inhibition of total ChE activity only after donepezil treatment ( fig. 3 ). This inhibition was greater in the plasma than in the brain (81.6% vs.
92.6%). Most part of donepezil's inhibition was derived from AChE inhibition rather than BChE inhibition. Tacrine was observed to have the greatest BChE-inhibiting effect among the drugs which is significantly discernable in the plasma rather than the brain as BChE is found at higher levels there.
This article has not been copyedited and formatted. The final version may differ from this version. 16 ChE inhibition showed a trend of enhancement in the old rats for both plasma and brain tissues ( fig. 3 ). Absolute ChE activity levels in the plasma however, remained higher in the old rats compared to the young (not shown). The percentage enhancement ranged from 3.2% increase in tacrine-induced brain AChE inhibition to 10.5% increase in galantamineinduced brain AChE and total ChE inhibition to 18.0% increase in donepezil-induced plasma total ChE inhibition (table 5) . Although these enhancements were slight, they led to significant inhibition of total ChE in the old rats which were previously undetected.
Brain and blood concentrations of donepezil, tacrine and galantamine
Brain and blood concentrations together with brain:blood ratios of donepezil, tacrine and galantamine at 1 h post-dose can be seen in table 4. Corrected brain concentration refers to measured brain concentration minus residual blood volume present in brain which is15 µl/g as derived from literature (Brown et al., 1986) . Apart from a significantly higher brain concentration of donepezil detected in the old rats (p<0.05) at a magnitude of 1.8-fold greater than the young rats, other changes in concentrations were non-significant. However, there was a trend observed of higher blood and brain drug concentrations in the old rats compared to the young rats across treatments. Brain:blood ratios were found to be similar in young and old rats for all drugs.
Cholinergic-mediated behaviour in tacrine-dosed young and old rats
To further investigate ageing changes in pharmacodynamic response to ChEIs, a simple assessment of cholinergic-mediated behaviour (tremor, hypothermia, lacrimation and salivation) in response to tacrine administration (p.o., 10 mg/kg and 30 mg/kg) was carried out in young and old rats. The results are shown in figure 4..
Higher baseline cholinergic activities were observed in the old rats, indicated by the presence of subtle tremor in limbs and consistent hypothermia in vehicle-dosed old rats. For all effects, response to tacrine was significantly prolonged in the old rats compared to the young rats. This was more striking at the 10 mg/kg dose level where responses in the young D M D # 3 5 9 6 4 17 rats tended to recover to baseline levels by 6 h whereas old rats continued exhibiting cholinergic-mediated behaviour. With regard to magnitude of response, salivation underwent the most observable enhancement at both dose levels with old rats producing almost three times the amount of saliva compared to tacrine-dosed young rats. The latter of which reported no significant differences in salivation from the vehicle-dosed group ( fig. 4D ).
At the 30 mg/kg dose level, lacrimation was not seen in the young rats till 2 h post-dose while old rats exhibited signs of lacrimation at 0.5 h ( fig. 4C ). In contrast, tremor and hypothermia manifested more slowly in the old rats compared to the young. This was only discernable at the 10 mg/kg dose level where significant treatment effect in terms of tremorigenic response was seen at 2 h in the old rats (p < 0.017) compared to 1 h in the young rats (p < 0.004). Similarly, a significant decrease in temperature in response to 10 mg/kg tacrine was detected at 1 h in the old rats and 0.5 h in the young rats.
Expression of mAChR subtypes in old and young LH rat brain
Enhanced cholinergic responses may arise from an increase in mAChR-mediated response or decline in mAChR autoregulation of ACh release. Expression of mAChR subtypes in brain was determined for young and old rats by immunoblotting and results can be found in figure 5 . It was found that only M2 mAChR expression decreased significantly while M1, M3 and M4 receptor subtypes showed no significant change in expression with age. The expression of muscarinic M2 receptors in the old rats was decreased to a level approximately two thirds of that in the young.
Discussion
Human studies investigating the effect of age on the disposition of the ChEIs used in this paper found that only donepezil and galantamine underwent significantly different pharmacokinetics in the elderly. A prolonged t 1/2 , T max and MRT of donepezil attributed to a significantly larger V d as oral clearance was maintained, was observed in 6 elderly patients
18 (68-82 years) versus 12 young healthy adults (20-27 years) following a single 2 mg oral dose (Ohnishi et al., 1993) . For galantamine, C max was 30-40% higher in older AD patients than healthy younger adults although AUC and t 1/2 remained unchanged (Jaan et al., 2002) . A population pharmacokinetic modelling study utilizing data from 15 clinical trials revealed a 30% reduction in galantamine clearance with age when comparing healthy subjects (median age: 25) with AD patients (median age: 75), with hepatic impairment having a greater impact on clearance over renal insufficiency (Pitrovsky et al., 2003) .
Pharmacokinetic studies of ChEIs carried out in old and young LH rats saw no change in tacrine disposition, a significant prolonging of t 1/2 and MRT of donepezil and a significant The lower clearance of galantamine reported in the elderly AD patient group from Pitrovsky's study which was not observed in the aged LH rat may have stemmed from the greater proportion of females used in this group (57.5% as opposed to 25.3% in the young healthy subject group). Females experience a reduced rate of renal and metabolic clearance as these functions are components of body weight (Pitrovsky et al., 2003) . The LH aged rat therefore provides a fairly robust model for estimating alterations in pharmacokinetics of donepezil, tacrine and galantamine in aged humans.
To measure pharmacodynamic responses to the ChEIs, ChE activity assays were carried out in plasma and brain tissue of LH rats. Without drug interference, ChE activity in plasma was enhanced in old rats by nearly 60% whereas brain ChE activity remained unchanged. This was in line with previous findings in F344 rats (Kosasa et al., 1999) . In elderly subjects, plasma BChE activity was enhanced though AChE activity was maintained (Hubbard et al., 2008) . Upon dosing with the ChEIs, donepezil exerted the greatest inhibitory effect on total ChE derived mostly from AChE inhibition. This correlates with its higher potency and greater selectivity for AChE over BChE in contrast with tacrine, which has similar affinities for both ChEs resulting in the greater incidence of peripheral side effects associated with its use (Ogura et al., 2000) . Galantamine had the least effect on ChE inhibition due to its lower potency (Geerts et al., 2005) . In the old rats, ChE inhibition showed a trend towards enhancement in plasma and brain tissues with some significant differences reported in magnitudes of < 20%. Concentrations of the drugs in blood and brain from the same rats were mostly maintained with age aside from donepezil, which was present at 1.8-fold higher concentrations in brain of the old rats. In addition, blood:brain ratios remained unchanged between age groups indicating a maintenance of blood-brain-
20 barrier integrity with age. A trend of increased blood and brain concentrations of the ChEIs observed in the old rats however, makes it difficult to rule out pharmacokinetic changes as a factor for the slightly enhanced pharmacodynamic response seen.
Interestingly, prior investigations in F344 rats revealed equivalent plasma but lower brain ChE activity levels compared to LH rats (F344: 5-8 vs. LH: 12-15 µmol/min/g).
Furthermore, donepezil (2.5 mg/kg) inhibited total ChE activity by 40% 1h-postdose in F344 rats and enhancement of ChE inhibition by ~30% was seen in old vs. young F344 rats (Kosasa et al. 1999) . Donepezil concentrations in brain and plasma were 3 to 4-fold higher in the old F344 rats accompanied by increased brain:plasma ratios. These findings demonstrate that differences in ageing physiology can occur between strains; F344 rats for example undergo CPN which could lead to lower levels of drug clearance. This exacerbates concerns regarding the overuse of the F344 strain for ageing studies (Weindruch and Masoro, 1990 ). Nevertheless, Pedigo et al. (1984) observed that intracerebroventricular injection of oxotremorine (muscarinic agonist) also produced an age-related hypothermic sensitivity, suggesting other mechanisms may be involved.
The decrease in M2 mAChR expression detected in aged LH rat brain may play a role in the altered pharmacodynamics of tacrine observed in the old rats. From previous knockout studies in mice, the M2 mAChR subtype was identified to be critical for mediating fine whole body tremors and hypothermia (Bymaster et al., 2003) . Its age-related decline in expression may therefore account for the slower manifestation and slightly smaller magnitude of central responses in old rats compared to young rats (observation 2).
Conversely, M2 mAChRs also act as autoreceptors inhibiting ACh release in the hippocampus and cortex, its down-regulation could therefore contribute to observation 1 and D M D # 3 5 9 6 4 22 poorer outcomes, act as deterrents for the recruitment of elderly into clinical trials (Siu, 2007) . The lack of appropriate evidence-based profiling of drug responses in the elderly consequently contributes to an increased incidence of adverse drug events or a dampened efficacious response among the aged once the drug enters the market, especially so for drugs with a narrow therapeutic range.
The aged LH rat model therefore provides a useful alternative for studying age-related changes in pharmacokinetics and pharmacodynamics. Further testing with drugs of varying pharmacological properties however would be required to ascertain its translational potential. 
